Abstract-Vibration monitoring is one of the most popular, effective, and reliable methods for bearing fault diagnosis. A key issue in the vibration monitoring for the bearings used in variable-speed wind turbines is the elimination of the effect of the turbine shaft speed fluctuation in the vibration signals measured under varying-rotating-speed conditions. This paper proposes a new current-aided vibration order tracking method for bearing fault diagnosis of variable-speed direct-drive (i.e., no gearbox) wind turbines. The method explores a new simple and effective approach to acquire the reference signal from a current signal measured from the stator of the generator for vibration order tracking. First, the instantaneous fundamental frequency of the current signal is estimated in the time-frequency domain to obtain the shaft rotating frequency. Then, the shaft phasetime relationship is established. With this information, the envelope of the synchronously recorded vibration signal is subsequently resampled at the equal-phase-increment time points. Finally, bearing fault diagnosis is performed by observing the peaks at bearing characteristic frequencies in the power spectrum of the resampled vibration envelope signal. The proposed method is validated by successful diagnosis of different bearing faults in a direct-drive wind turbine under varying-speed conditions.
Abstract-Vibration monitoring is one of the most popular, effective, and reliable methods for bearing fault diagnosis. A key issue in the vibration monitoring for the bearings used in variable-speed wind turbines is the elimination of the effect of the turbine shaft speed fluctuation in the vibration signals measured under varying-rotating-speed conditions. This paper proposes a new current-aided vibration order tracking method for bearing fault diagnosis of variable-speed direct-drive (i.e., no gearbox) wind turbines. The method explores a new simple and effective approach to acquire the reference signal from a current signal measured from the stator of the generator for vibration order tracking. First, the instantaneous fundamental frequency of the current signal is estimated in the time-frequency domain to obtain the shaft rotating frequency. Then, the shaft phasetime relationship is established. With this information, the envelope of the synchronously recorded vibration signal is subsequently resampled at the equal-phase-increment time points. Finally, bearing fault diagnosis is performed by observing the peaks at bearing characteristic frequencies in the power spectrum of the resampled vibration envelope signal. The proposed method is validated by successful diagnosis of different bearing faults in a direct-drive wind turbine under varying-speed conditions. Index Terms-Bearing, current, fault diagnosis, instantaneous frequency estimation (IFE), order tracking, vibration, wind turbine.
I. INTRODUCTION

W
IND turbines are usually located in remote areas and operated in harsh conditions caused by volatile wind speed and direction, varying load, humidity, storm, snow, etc. Thus, it is highly desirable to perform online condition monitoring for wind turbines to improve their availability, safety, and reliability, reduce the operation and maintenance costs, and achieve downtime minimization and productivity maximization [1] . Bearing is one of the most important mechanical components in wind turbines. It is widely used in the rotor, main shaft, generator, gearbox, yaw, pitch, and other rotating parts of wind turbines [2] . Since many mechanical damages in wind turbine start from bearing faults, it is expected to diagnose the bearing faults as early as possible to prevent severe or catastrophic wind turbine damages and the consequent costly maintenance and downtime.
Unlike the data-driven process monitoring methods which construct the process models according to the historical data [3] - [5] , the methods of bearing fault diagnosis usually intend to extract the fault features from the data currently acquired from appropriate sensors. Vibration monitoring has been widely recognized as one of the most popular, effective, and reliable methods for bearing condition monitoring and fault diagnosis [6] , [7] . In the vibration monitoring, signals are measured by vibration sensors (e.g., accelerometers) attached to the casings of bearings with a constant sampling time interval, and are further analyzed using appropriate signal processing techniques to extract the bearing fault information [8] . However, some traditional methods are effective only when the shaft rotating speed is constant. Due to the variation of bearing rotating speed caused by volatile wind conditions, the vibration signals have a spectrum smearing problem that makes it difficult to identify potential bearing fault characteristic frequencies. There have been great interests in dealing with this kind of varying-rotating-speed-caused nonstationary signals. For example, some techniques aiming at improving the signal time-frequency resolution have been explored to distinguish the time-variant characteristic frequencies in the time-frequency domain [9] , [10] . However, these methods are usually laborious and time-consuming, and require high computational resources.
Order tracking is an effective technique to solve the spectrum smearing problem caused by speed variation so that the conventional spectrum analysis methods can be employed afterwards [11] . The basic idea of order tracking is to convert a signal with a constant time increment into a signal with a constant phase increment via angular resampling. In this way, the frequency components that are proportional to the rotating speed (e.g., bearing fault characteristic frequencies) can be exposed in the resampled spectrum. To perform the angular resampling, a reference signal is required to provide the information of the variant rotating speed of the selected shaft. Traditionally, the reference signal has been obtained by using additional hardware, such as keyphaser, tachometer, optical encoder, etc., mounted on the selected shaft [12] . Although a rotor position/speed sensor is commonly installed in large-and medium-size wind turbines to provide the rotor position/speed information for the control of the generator, this increases the cost, size, and wiring complexity and causes additional issues to the reliability of the system when the sensor fails. To solve these problems, mechanical sensorless control without using a rotor position/speed sensor has been studied and is promising for the control of wind turbine generators [13] . Moreover, in some cases, such as small wind turbines, it is difficult or even impossible to install rotor speed sensors and data acquisition devices. In the case of no rotor speed sensors, some researchers proposed to obtain the reference signal from the measured vibration signal directly [14] - [20] . The reference signal in these works are either a frequency component that is proportional to the time-varying shaft speed in the vibration signal [14] - [19] or the instantaneous fault characteristic frequency contained in the envelope of the bearing vibration signal [20] . Moreover, in [20] , the shaft rotating frequency component contained in the bearing vibration signal is needed for bearing fault diagnosis. Nevertheless, there is no such frequency component in the vibration signal of a bearing that is prominent and proportional to the shaft speed. In a wind turbine with a faulty bearing but no other defect, the structure resonance frequency is prominent in the bearing vibration signal, but is fixed for a particular mechanical system [21] ; and the shaft rotating frequency is not contained in the bearing vibration signal. In this case, the methods in [18] - [20] will not be applicable. In some cases, the shaft rotating frequency and its harmonics are contained in the bearing vibration signal due to structural imbalance, misalignment, eccentricity, bent shaft, etc., which provides the possibility of using vibration order tracking for bearing fault diagnosis without speed sensors [18] , [19] . However, the shaft rotating frequency and its harmonics are in the low-frequency range of the vibration signal with relatively small amplitudes and, therefore, are difficult to extract. In addition, it is hard to determine which one is the shaft rotating frequency since the harmonics may have larger amplitudes than the fundamental component. Furthermore, it is always complex to extract the rotating frequency or fault characteristic frequency component from a multicomponent nonstationary vibration signal. This paper proposes a new simple and effective vibration order tracking method with the aid of a generator stator current signal for bearing fault diagnosis of variable-speed direct-drive wind turbines. In the proposed method, the current signal is not used for fault signature extraction for bearing fault diagnosis of induction motors [22] - [26] or direct-drive wind turbines [27] , [28] , but a resource to provide the information of the shaft speed for the order tracking of the vibration signal. This idea is motivated by the fact that the fundamental frequency is dominant in the current signal and is a fixed multiplier of the varying shaft speed, which facilitates the extraction of the reference signal for the order tracking. Moreover, generator current signals are already measured and used by wind turbine control systems [28] ; no additional sensor or data acquisition hardware is required. Therefore, the proposed method is cost-effective and can be used for direct-drive wind turbines without speed sensors. Specifically, the instantaneous fundamental frequency of the current signal is first estimated to obtain the time-varying shaft speed. Then, the envelope of the bearing vibration signal is resampled with an equal phase increment according to the estimated shaft speed. Finally, the power spectrum of the resampled vibration envelope signal is presented according to a selected reference shaft speed, from which the bearing fault characteristic frequency corresponding to the selected reference shaft speed can be identified.
The remainder of this paper is organized as follows. Section II presents the proposed method. Section III validates the proposed method for the diagnosis of different bearing faults in a direct-drive wind turbine. Section IV concludes the paper.
II. PROPOSED CURRENT-AIDED VIBRATION ORDER TRACKING METHOD
In the order tracking approach, a varying-rotating-speed nonstationary signal in the time domain is converted into a constantrotating-speed quasistationary signal in the angle domain by resampling the signal with an equal phase increment of a selected shaft. In a current signal measured from the stator of a permanent-magnet synchronous generator (PMSG), the fundamental frequency component is dominant and its frequency is proportional to the varying shaft rotating speed. Therefore, if the instantaneous fundamental frequency is estimated from the current signal, the shaft rotating frequency can be obtained consequently. With this reference signal, angular resampling can be performed for the vibration signal at the times when the shaft rotates equal phase increments. In this paper, the resampling is performed on the envelope of a bearing vibration signal rather than the original signal. This is because the invariable structural resonance frequency in the original vibration signal will be variable in the resampled vibration signal [21] . This introduces a new spectrum smearing area around the resonance frequency, which is an obstacle for the subsequent demodulation of the fault characteristic frequency from the resonance band. On the contrary, there is no smearing problem on the fault information in the spectrum of the resampled vibration envelope signal. Thus, the bearing characteristic frequency (if it exists) can be revealed directly. Fig. 1 shows the flowchart of the proposed current-aided vibration order tracking method for bearing fault diagnosis of direct-drive wind turbines. The detailed techniques of the main steps are described as follows.
A. Reference Signal Extraction
The extraction of the reference signal from a measured timeseries signal is usually accomplished by instantaneous frequency estimation (IFE) of the shaft rotating speed-related component. Phase-based [14] , [15] and time-frequency distribution (TFD)-based [17] - [20] methods are two popular IFE methods. The phase-based method estimates the target instantaneous frequency (IF) f i (t) as follows:
where φ(t) is the instantaneous phase of an analytic signal. For a given time series x(t), the corresponding analytic signal y(t) is expressed as wherex(t) is the Hilbert transform of x(t), i.e.,
The instantaneous phase φ(t) is hence calculated by
It should be noted that the definition of the IF in (1) is only effective for a single-frequency signal. If the original signal contains multiple frequency contents, the target frequency component should be first separated from the original signal. Nonetheless, the performance of the phase-based method is still susceptible to some survived in-band noise.
The TFD-based IFE method can produce more reliable and more robust-to-noise results. The TFD of a signal gives a twodimensional representation of both the time and frequency information of the signal and, therefore, is effective for the analysis of a nonstationary signal. The variation of the frequency components contained in the signal can be readily visualized on the time-frequency plane. The short-time Fourier transform (STFT) is a simple and easy-to-use tool to construct the TFD.
Mathematically, the STFT of a signal x(t) is defined as [29] 
where h(t) is a short-time analysis window function centered around zero, and h 2 = 1. The STFT of x(t) is essentially the Fourier transform of x(τ )h(τ − t), presenting a series "local spectra" of the signal x(τ ) around the analysis time point τ = t. The magnitude of the STFT yields the TFD of the signal
The length of h(t) should be large enough to obtain a high-frequency resolution of the TFD so that the target frequency component varies continuously. Then, the IF in the timefrequency domain can be interpreted as the weighted average of the frequencies in the signal at each time point as follows [30] :
where the analyzed signal is also supposed to contain only one frequency component. A more popular way for the TFD-based IFE is to find out the local peaks along the time axis of the TFD of the signal. Then, the frequency associated with the local maximum of the time-frequency amplitude is the IF in a narrow frequency band at each time point. This makes it possible to extract one of the IFs from a multicomponent signal. However, if some adjacent components of the signal overlap due to a large speed variation, it will be difficult to perform the IFE for an overlapping component. On the contrary, for an ideal monocomponent signal, the IFE can be easily achieved by the following direct maximum method, which searches for the global maxima over the whole frequency range of the TFD of the signal along the time axis Fig. 2 shows the TFDs of a bearing vibration signal and a generator current signal measured synchronously from a directdrive wind turbine with a bearing out-race fault, which will be further analyzed in Section III-C by the proposed method. The length of the analysis window is 8001 points for both the vibration and current signals. As shown in Fig. 2(a) , several frequency components vary with the rotating speed on the TFD of the vibration signal. One component in the high-frequency area has the highest energy and is prominent on the time-frequency plane. However, the ratio between the frequency of that component and the shaft rotating frequency is not a priori knowledge. The low-frequency area mainly contains the rotating frequency and its harmonics. However, their amplitudes are much smaller than those of the frequency components in the high-frequency area, and it is difficult to determine which one is the fundamental rotating frequency without a priori knowledge. Moreover, the problem of overlap between adjacent components appears in the areas when the shaft speed varies rapidly. In a word, it is difficult to extract a reference signal from the bearing vibration signal. The current signal has advantages over the vibration signal for the reference signal extraction. As illustrated in Fig. 2(b) , there is only one component lying on the current TFD with large energy concentrated. That component is the fundamental frequency component of the current signal. Therefore, the IFE can be performed automatically without the need of selecting a target frequency via visual observation. The relationship between the current fundamental frequency f b (t) and the shaft rotating frequency f r (t) is
where p is the number of pole pairs of the generator. Although the current signal is approximately a monocomponent signal because the amplitudes of other components are extremely small, the performance of the phase-based IFE method is still not satisfactory, as proved by Fig. 3(a) and (b). Fig. 3(a) is the IF estimated by the phase-based method. The waveform fluctuates largely and has meaningless negative frequencies, indicating that the phase-based method is sensitive to small interference. The IF in Fig. 3(a) is further processed by a local average algorithm to remove the effect of interference, where each point is substituted by the mean value of the 400 points around it. The processed IF waveform is shown in Fig. 3(b) , where the trend of the IF variation is exposed, implying that the fundamental frequency component is embedded in Fig. 3(a) , but the waveform is still noisy. The local average algorithm using more local points for averaging can further reduce the noise level. However, the resulting IF may lose some local properties when the speed varies sharply and the computation time will increase accordingly. The IF estimated by the TFD-based method via direct maximum is shown in Fig. 3(c) . It shows that the IF waveform is smoother than that in Fig. 3(b) . This indicates that the TFD-based method is robust to noise.
Based on the analysis above, this paper adopts the TFD-based method to estimate the instantaneous fundamental frequency f b (t) of the current signal c(t). The shaft rotating frequency f r (t) is then calculated according to (9) and used as the reference signal for the angular resampling of the vibration envelope signal depicted in the next section.
B. Angular Resampling
The basic idea of order tracking is to resample the equaltime-interval vibration signal at the times relative to the equalphase-increment shaft rotation. This process is called angular resampling, which consists of two major steps. The first step is to establish a phase-time relationship according to the reference signal extracted. The second step includes two interpolation operations with the aid of the phase-time According to the shaft rotating frequency f r (t) (i.e., the reference signal) obtained from the current signal using the TFDbased method, the relationship of shaft phase position versus time is constructed by
where Δt = 1/f sr is the sampling time interval with f sr as the sampling frequency of the reference signal, and the shaft phase position θ(t i ) represents the accumulated phase over the period that the shaft has rotated from the time point t 0 to t i . The shaft phase-time relationship can also be formed as
where Δθ is a constant phase increment, and
where f s is the resampling frequency for the vibration envelope signal. Here f s is defined in the angle domain and, therefore, means the number of samples per revolution. To ensure that there is no loss of frequency contents in the resampled signal, the resampling frequency is determined by
where f s is the sampling frequency of the vibration signal; f rmin is the minimum shaft rotating frequency during the entire period of the current/vibration signal used for the analysis, i.e.,
The resampling time point vector T can be determined by using an interpolation method on the original sampling time point vector T based on the phase-time relationships expressed by (10) and (11) . In this study, the cubic spline interpolation method is employed owing to its merits of better accuracy and less spectral leakage than other interpolation methods [14] . In the method, a cubic piecewise polynomial is constructed for each time interval. The smoothness of the connection of the adjacent polynomials is assured by the continuity constraints that the first-and second-order derivatives of the adjacent polynomials are equal at their connection point, respectively. Suppose that the cubic piecewise polynomial for the phase-time relationship (10) in the time interval [t i , t i+1 ] is determined as
According to (11) and (15), the following is obtained:
Then, the time point t i for the equal-phase-increment resampling is determined by solving (16) . Finally, all the resampling time points T obtained by the cubic spline interpolation method are used for resampling the vibration envelope signal.
In this work, the Hilbert transform expressed by (3) is used to extract the envelope signal e(t) from the bearing vibration signal v(t) as follows:
where the amplitude of the analytic signal of v(t) is defined as the envelope signal. To avoid aliasing in the resampling process, the envelope signal e(t) should be first oversampled by q (q ∈ N and q > 1) times the sampling frequency of the original vibration signal to generate a new vibration envelope signal e(τ ) with the vector of the time points
Then, the second interpolation operation is performed on the signal e(τ ) to obtain the angle-domain vibration envelope signal e(θ) by using the cubic spline interpolation method as well. Suppose that the cubic piecewise polynomial for e(τ ) in the time interval (19) where the signal e(θ) is sampled at equal phase increments of the shaft in the angle domain and, therefore, has no spectrum smearing problem anymore.
Then, e(θ) in this time interval is obtained as e θ t i = E i t i , t i ∈ T and τ i ≤ t i ≤ τ i+1
C. Bearing Fault Diagnosis Via Vibration Order Tracking
The resampled vibration envelope signal e(θ) is an ordertracked signal. Here the "order" O(t) is defined as the frequency normalized by the shaft rotating frequency f r (t) as
where f (t) is the time-varying frequencies contained in the original vibration envelope signal e(t). It can be concluded that if f (t) varies in proportion to f r (t), the corresponding order O(t) will be constant. This is why the order tracking method can eliminate the effect of speed fluctuation. In the spectrum of the resampled angle-domain vibration envelope signal e(θ), the peaks represent the orders of the speed-related frequencies. Therefore, the spectrum is called order-domain spectrum, and is denoted by P (O). If a constant frequency f rc is appointed for the order 1 and stands for the fundamental rotating frequency, the other orders will also be converted into time-invariant frequencies, which will facilitate the identification of the characteristic frequencies. In this way, the order-domain spectrum P (O) is transformed inversely into the frequency-domain spectrum, which is denoted by P (f ).
Bearing faults usually occur in the inner raceway, outer raceway, rolling elements, and cage. The corresponding fault characteristic frequencies in the envelope spectrum of the vibration signal are functions of the bearing geometry and rotating speed and can be expressed as follows [31] :
where f r is the shaft rotating frequency; n is the number of rolling elements; d is the diameter of the rolling element; D is the pitch diameter; α is the contact angle; f BPFI , f BPFO , and f BSF are the characteristic frequencies of a bearing inner race, outer race, and rolling element fault, respectively; f FTFO and f FTFI are the characteristic frequencies of a bearing cage fault when the damaged cage touches the outer and inner rings, respectively. For a specific bearing, the geometry is fixed. Thus, each fault characteristic frequency
only varies in proportion to the shaft rotating frequency. Therefore, the order of the characteristic frequency is constant and can be exposed (if it exists) in the order-domain spectrum under varying-speed conditions. The ratios between the fault characteristic frequencies and the shaft rotating frequency in (21)- (25) are the corresponding orders of the fault characteristic frequencies. Since a wind turbine is often connected to a power grid or load, the time-varying fundamental frequency f b (t) of the stator current signal is finally converted to the constant grid/load frequency f P using a power electronic converter. Therefore, f P is selected as a reference current frequency. The corresponding reference shaft rotating frequency f rc is then calculated as f rc = f P /p according to (9) . By substituting f r with f rc in (21)- (25), the bearing fault characteristic frequencies are determined and used as the indicators for bearing fault diagnosis (detection and isolation). They are expected to be identified in the frequency-domain spectrum P (f ) when the corresponding faults occur.
III. APPLICATION TO BEARING FAULT DIAGNOSIS OF DIRECT-DRIVE WIND TURBINES
A. Experimental Setup
An experimental system illustrated in Fig. 4 was set up to validate the proposed current-aided vibration order tracking method for bearing fault diagnosis of direct-drive wind turbines. The test wind turbine shown in Fig. 4(a) is a 160-W Southwest Windpower Air Breeze direct-drive wind turbine equipped with a PMSG. The number of pole pairs of the PMSG is p = 6. As shown in Fig. 4(b) , the vibration signal was measured by an accelerometer mounted on the casing of the wind turbine. The current signal of one stator phase was acquired via a Fluke 80i-110s AC/DC current clamp. These two signals were recorded synchronously by a National Instruments data Cage fault relative to inner ring (f c a g e I )
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acquisition system with the same sampling frequency of 10 kHz. The test bearing is one of the two bearings supporting the main shaft of the wind turbine. Artificial faults were created separately at the inner raceway, outer raceway, and cage of different test bearings, as illustrated in Fig. 4(c) . The test wind turbine was put in a wind tunnel, which can provide wind flows with the variable wind speed from 0 to 10 m/s, as displayed in Fig. 5 . In this paper, all of the current and vibration signals were acquired from the test wind turbine in varying-speed conditions. The test bearings (7C55MP4017) are deep groove ball bearings. Their geometric parameters are listed in Table I . The reference current frequency is f P = 60 Hz. Thus, the reference shaft rotating frequency is f rc = f P /p = 10 Hz. According to these parameters, the characteristic frequencies of the bearing inner-race, outer-race, and cage faults are calculated and listed in Table II . The value of q for oversampling the vibration envelope signal is 10.
In the following sections, the proposed current-aided vibration order tracking method is applied to analyze the signals measured from the wind turbine with bearing inner-race, outer-race, and cage faults and healthy bearing, respectively. The bearing characteristic frequency expressions in the stator current signals are given in Table III [25] , where k is a positive integer. For the purpose of comparison, the stator current signals are also resampled in the same way of the vibration envelope signals to identify the corresponding characteristic frequencies in the following cases.
B. Bearing Inner-Race Fault Diagnosis
The current and vibration data measured from the wind turbine with the bearing inner-race fault are first analyzed by the proposed method. The power spectra of the measured vibration and current signals are shown in Fig. 6 . As shown in Fig. 6(a) , the resonance band with equally spaced sidebands cannot be identified in the power spectrum of the vibration signal due to the fluctuation of the shaft speed. Since it is hard to determine the resonance band that contains the fault information, the envelope signal is extracted without bandpass filtering. In the power spectrum of the current signal in Fig. 6(b) , the dominant fundamental frequency component spreads in the range from 50 to 75 Hz caused by the speed fluctuation. The frequency variation in this range can be clearly presented in the time-frequency domain, as displayed in Fig. 7 , where the curve of the fundamental frequency is easily obtained by the direct maximum method expressed by (8) . According to this curve, the instantaneous shaft rotating frequency can be calculated by (9) , and the shaft phase-time relationship can then be established using (10) . With this information, the vibration envelope signal is then resampled in the angle domain. By applying the fast Fourier transform on the resampled vibration envelope signal, the order-domain spectrum is obtained and further converted into the frequency domain using the selected reference shaft frequency f rc = 10 Hz. The resulting frequency-domain spectrum is plotted in Fig. 8(a) , from which the inner-race fault characteristic frequency f BPFI = 49.19 Hz is identified. It is worthy to note that the fault characteristic frequency can be distinguished from the fifth harmonic of the reference shaft rotating frequency, although they are very close. In addition, there are two peaks near the third and fourth harmonics of the reference shaft rotating frequency, respectively. The two peaks are actually the sidebands of the fault characteristic frequency (i.e., f BPFI − f rc and f BPFI − 2f rc ) as the consequence of the modulation by the shaft rotating frequency. This phenomenon is caused by the transmission path between the damage point and the measurement point or by the periodically nonuniform loading [32] , which further validated the existence of the bearing inner-race fault.
As a comparison, the original current signal is also resampled in the same way. The final frequency-domain spectrum of the resampled current signal is plotted in Fig. 8(b) , where the reference current frequency f P = 60 Hz is clearly revealed. However, the amplitude of the reference frequency component is so large that no other components can be observed in the whole spectrum. By magnifying the area around f P , some sidebands spaced at twice and three times the rotating frequency are exposed in the spectrum. As listed in Table III , the characteristic frequencies of the bearing inner-race fault in the stator current signal are f inner = f P ± f rc ± kf BPFI . Nevertheless, none of these fault characteristic frequencies can be found in the current 
spectrum. In other words, it fails to detect the bearing inner-race fault using the current-based order tracking method.
C. Bearing Outer-Race Fault Diagnosis
The current and vibration data measured from the test wind turbine with the bearing outer-race fault are then analyzed by the proposed method. These two signals are the same as those used in Figs. 2 and 3 . Fig. 9 shows the power spectra of the resampled vibration envelope signal and current signal. In Fig. 9(a) , the outer-race fault characteristic frequency f BPFO = 30.92 Hz and its second harmonic 2f BPFO are identified in the spectrum of the resampled vibration envelope signal. Furthermore, the fault characteristic frequency can be distinguished from the third harmonic of the shaft rotating frequency that is close to it. In the spectrum of the resampled current signal in Fig. 9(b) , some sidebands around the fundamental frequency f P spaced at multipliers of the rotating frequency f rc are found in the magnified spectrum. However, the characteristic frequencies of the bearing outer-race fault in the current signal f outer = f P ± kf BPFO cannot be identified. This case study demonstrates that the proposed current-aided vibration order tracking method is effective for diagnosis of the bearing outer-race fault in the wind turbine, but the order tracking for the current signal failed to detect the fault.
D. Bearing Cage Fault Diagnosis
The current and vibration data measured from the test wind turbine with the bearing cage fault are also analyzed by the proposed method. Fig. 10(a) shows the power spectrum of the resampled vibration envelope signal, where one of the cage fault characteristic frequencies f FTFO = 3.851 Hz is prominent, and the other cage fault characteristic frequency f FTFI = 6.149 Hz and its two harmonics are also observed, indicating that a bearing cage fault occurs. In the magnified power spectrum of the resampled current signal shown in Fig. 10(b) , four cage fault characteristic frequencies in the current signal, f cageO = f P ± kf FTFO (k = 1) and f cageI = f P ± kf FTFI (k = 1), can be identified, proving that it is also effective to use the currentbased order tracking method to detect the bearing cage fault. Nonetheless, the signal-to-noise ratio (SNR) of the current signal is so small that its spectrum has to be significantly enlarged in order to detect the fault information. To summarize, the bearing cage fault in the direct-drive wind turbine can be diagnosed by both the vibration-based and current-based order tracking methods, but the SNR of the vibration order tracking analysis is much larger than that of the current order tracking analysis.
E. Test Wind Turbine With Healthy Bearing
Finally, the power spectra of the resampled vibration envelope signal and current signal are presented in Fig. 11 for the test wind turbine with the healthy bearing. As shown in Fig. 11(a) , except for the reference shaft rotating frequency and some of its harmonics, no bearing fault characteristic frequency is found in the power spectrum of the resampled vibration envelope signal. This indicates that the inspected bearing is healthy. Similarly, no fault characteristic frequency is found in the magnified spectrum of the resampled current signal in Fig. 11(b) except for the fundamental frequency and its sidebands spaced at multipliers of the shaft rotating frequency. However, it cannot conclude that the bearing is healthy, because even though a fault occurs in the inner or outer raceway, the corresponding fault characteristic frequencies may not appear in the power spectrum of the resampled current signal. Table IV summarizes the bearing fault diagnostic results by the vibration-based and current-based order tracking methods. In the power spectra of the resampled vibration envelope signals, the characteristic frequencies were identified when the test bearings had the corresponding localized faults, while no characteristic frequency was found when the test bearing was healthy. This indicates that the vibration-based order tracking method provides reliable diagnostic results. On the other hand, the current-based order tracking method only succeeded in identifying the characteristic frequencies when the bearing cage was broken, but cannot testify that the bearing is healthy when no characteristic frequency is identified. Thus, the proposed vibration-based order tracking method is more effective and reliable than the current-based order tracking method.
IV. CONCLUSION
This paper has presented a new current-aided vibration order tracking method for bearing fault diagnosis of direct-drive PMSG wind turbines. The major contribution of the new method is that the reference signal for the order tracking, which is the shaft rotating frequency, is extracted from the stator current signal of the PMSG in the wind turbine. This removes the need of adding invasive hardware into the wind turbine system to provide the reference signal. Since the fundamental frequency is dominant in the spectrum of the current signal and varies in proportion to the shaft rotating frequency with a fixed ratio, a simple direct maximum method has been applied to automatically extract the fundamental frequency of the current signal from its TFD to obtain the shaft rotating frequency. According to this reference signal, an angular resampling algorithm has been designed to resample the vibration envelope signal in the angle domain. Finally, by specifying a reference shaft rotating frequency for order one, the order-domain spectrum of the resampled vibration envelope signal was converted into a frequency-domain power spectrum, in which the smearing problem caused by the shaft speed fluctuation has been resolved; the characteristic frequency of a bearing fault can be identified if the fault occurs; while no fault characteristic frequency could be found in the spectrum if the bearing is healthy. Experimental results have verified that the proposed current-aided vibration order tracking method is more effective and reliable than the current-based order tracking method for bearing fault diagnosis of direct-drive wind turbines operating in varying-speed conditions.
The new method proposed in this paper is a tacholess order tracking method, thus is especially beneficial to the bearing fault diagnosis of wind turbines without speed sensors. This method has been validated by a small-scale direct-drive wind turbine, but is applicable to the wind turbines equipped with PMSGs of any scales. 
